In order to obtain transparent plastic material with antistatic property for optical communication application, cyclo olefin polymer (COP)/BN105 composite materials prepared by using injection molding have been evaluated. Surface resistance of the molded product decreased to 2 × 10 11 Ω/sq along with an increase in BN105 content range up to 2 wt%. The samples showed excellent property to prevent the surface from dust adhesion. In addition, the samples containing BN105 less than 5 wt% did not show any decrease in transmittance without any significant change of tensile strength. The results indicate COP/BN105 as a promising plastic composite material with sufficient antistatic property as well as high transparency.
Introduction
In recent years, metal and glass materials are being replaced with plastic materials in various industrial applications owing to amazing improvement of processing accuracy of plastic materials, and a lot of studies have been reported with regard to the development and processing of high performance plastic materials [1] [2] [3] . In the field of optical communication, the use of transparent plastic materials as optical connection components is being actively developed [4, 5] , and, demand for transparent plastic materials is expected to increase in future. A representative example is optical fiber connectors having plastic lenses [6] .
However, plastic materials have low electrical conductivity and are, therefore, likely to build up static. Dust adhesion to a product surface due to static causes disadvantages such as poor product appearance, foreign material intrusion in a manufacturing process, and foreign material ingress into clean circumstances [7, 8] . Especially, adhered dust on a surface of transparent plastic products blocks transmitted light. In case of optical fiber connectors with plastic lenses, communication failures may occur by dust adhesion and/or damage of a lens surface caused by the removal procedure of adhered dust.
As a countermeasure against static of plastic materials, the use of antistatic agents is gathering attention from viewpoints of convenience and costs, and the effect of surfactant agent to lower surface resistance has been reported [9] [10] [11] . But, surfactant agents tend to unlimitedly bleed out from plastic base materials. Therefore, it is difficult to keep antistatic property. In addition, surfactant agents sometimes cause stickiness on the product surface.
On the other hand, donor-acceptor molecular compound as antistatic agents is considered to be capable of dispersing and remaining stably in a resin matrix by Van der Waals' forces, resulting in instant leakage of static not only on the product surface but also through the inside by charge transfer transition. Accordingly, addition of the antistatic agents even with small amounts is expected to allow efficient and stable prevention of static buildup without causing stickiness on the surfaces of molded products. In the present study, antistatic effect of BN105, one of the donor-acceptor molecular compounds, has been investigated for cyclo olefin polymer (COP), a transparent optical material. The COP is used as a plastic material with excellent transparency and moldability for camera lenses and mirrors. With its high heat resistance, COP is also used as a material for precision molded products in medical and optoelectronic fields. As COP has no hydrophilic polar group and has a significantly low hygroscopicity, change of refractive index due to humidity is sufficiently small. Thus, this material is expected to be used also in optical communication. However, there have been no reports regarding stable prevention of static buildup for COP with internal antistatic agents. BN105 is known to be donor-accepter compound antistatic agent and its basic structure and properties have been reported [12, 13] . In this study, BN105 was added to the base COP, and an injection-molded product made of a transparent composite material was obtained. The electrical and optical properties of the molded products were evaluated, and the dustproof effect against fine dust was confirmed. Additionally, mechanical property was also evaluated from viewpoint of practical use. The experimental results indicate COP as a promising new dustproof transparent material for optical communication devices.
Materials and methods
In our experiment, COP Zeonex E48R (Zeon Corportion, Tokyo, Japan) as a base material, and BN105 (Boron Laboratory Co., Ltd, Tokyo, Japan) as an internal antistatic agent were employed. BN105 is a molecular compound of a semipolar organic boron compound having donor and acceptor components with basic amido amine. Figure 1 shows the molecular structure of BN105 and its transition reaction. When static generates on the surface of a molded product, a BN105 molecule quickly turns into an ion-pair structure by transferring electrons to another BN105 molecule. With repeating the transition reaction, charge transfer is considered to occur smoothly.
BN105 was added with different contents, 1, 2, 3, and 5 wt%, to make composite materials by using a twin screw extruder. Plate-shaped samples with different thicknesses, 1, 2, and 3 mm, and a dumbbell-shaped sample with a thickness of 0.75 mm were prepared using a precision injection molding machine. Molding conditions for plate-shaped samples were as follows: cylinder temperatures: 260°C, 280°C, and 300°C; mold temperature: 100°C; injection speed: 40 mm/s.
Optical transmittance of the obtained molded samples with respect to each BN105 content was measured using a spectrophotometer V-670 (JASCO Co., Ltd., Tokyo, Japan), where the wavelength range was 250-2500 nm, and the scanning speed was 1000 nm/min. The initial surface resistance was measured using a surface ohmmeter ST-4 (SIMCO Co., Inc, Hyogo, Japan) by the two-terminal method. As for the molded sample with a BN105 content of 2 wt%, a chronological change in surface resistance during 120 days from the completion of molding was evaluated with HighresterUp (Mitsubishi Chemical Analytech Co., Ltd, Kanagawa, Japan) by the four-terminal method. Besides, a small piece of paper was brought closer to the sample surface immediately after frictional electrification forcibly caused on the sample surface, and the presence or absence of adhesion of the paper was observed to watch static leakage property over time. In the evaluation of a dustproof effect against minute dusts, a COP neat-molded sample containing no antistatic agent and a sample containing 1 wt% of BN105 were left for 48 h at a temperature of 23°C and a humidity of 50%, and was exposed to a dusty atmosphere by using a dust testing machine DT-1F (Suga Test Instruments Co., Ltd, Tokyo, Japan) for a certain period in accordance with JIS D020 standard to compare the weight of their adhered minute dusts. Cotton linters, one of the 15 types of JIS Z 8901 with a particle size of 1.5 μm were used as fine dusts Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS analysis, MST) with Bi + primary ion and an accelerating voltage of 25 kV was also conducted for the molded sample containing 2 wt% of BN105. In this analysis, secondary ions extracted by primary ion beam Bi + irradiation are detected so that an organic material composition can be inferred. In this study, the surface part and the inside part of the molded sample were analyzed to observe how BN105 molecules are contained therein and to investigate the evidence of proton electron transfer.
As evaluation of the internal structure by molding condition, the surface of each injection-molded sample was observed by a polarizing microscope. Furthermore, the glass-transition temperature was measured for the dumbbell-shaped sample by dynamic mechanical analysis (DMA, TA instruments, Inc.) at a temperature range of 23°C-180°C and a temperature scanning speed of 2°C/min in order to investigate influence of presence or absence of the additive on the innate properties of the base resin. Finally, mechanical properties were measured by Strograph VG (Toyoseiki), where the initial length was 10 mm and the strain rate was 10 mm/min.
Results
The results of transmittance measurement for the molded specimens with different BN105 contents are shown in Figure 3 shows the results of measurement of surface resistance. The surface resistance varied depending on additive content. In the content range up to 2 wt%, the surface resistance decreased to 2 × 10 11 Ω/sq along with an increase in BN105 content. The sample containing 3 wt% of BN105 showed no decrease in surface resistance. In contrast, the sample containing 5 wt% showed an increased surface resistance, almost the same as that of the COP neat-molded specimen. It is deduced that BN105 formed micelle disturbing stable dispersion inside the samples with BN105 content over 3 wt%. The results of static leakage property evaluation with a piece of paper varied depending on additive content. As for the samples neat, 3 and 5 wt%, the small piece of paper adhered to the sample surface immediately after the frictional electrification. In contrast, the small piece of paper did not adhere to the sample containing 1 and 2 wt%. As for the molded sample containing 1 wt%, although the initial surface resistance was over 10 12 Ω/sq that is a value for insulating material, the static leakage occurred. It is because materials containing BN105 are considered to have specific property to leak an electrical charge not only via the surfaces but also into inside. Figure 4 is the result of the dust test. Adhered dust was carried out after conducting air cleaning of the specimen taken out of the dusty environment. A difference was found between the COP neat-molded product and the sample containing 1 wt% of BN105. After the air cleaning, the sample with 1 wt% BN105 had less than one-fourth of the dust adhered to the COP neat. A clear difference in dust adhesion was found in visual comparison, as well. Thus, it is confirmed that the addition of BN105 effectively gives a base material an antistatic property, which brings about an effective dustproof property against ultrafine dusts such as cotton linters.
In the TOF-SIMS analysis on the sample containing 2 wt% of BN105, secondary ions C 23 H 49 N 2 + , an acceptor component that took H + in, were observed not only on the surface part but also on the inside part, as shown in Figure 5 . More secondary ions were observed in the central part than in the surface part. The result indicates that electron transfer actively occurs inside the sample. Usually surfactant agents bleed out to form a charge leakage layer near the surface part to cause charge leakage only in the surface part. In contrast, the additive molecules of BN105 remaining within the molded sample rapidly cause charge transfer transition. It is considered that an electric charge is transferred not only in the surface part but also through the inside, and that leakage and dispersion of the electric charge occur promptly. The specific mechanism of charge leakage by BN105 at inside portion has been supported by TOF-SIMS analysis. Figure 6 shows chronological changes in the surface resistance investigated by molding condition with regard to the molded sample containing 2 wt% that showed the best initial surface resistance. The surface resistance varied depending on molding condition. The product molded at a cylinder temperature of 300°C showed the lowest surface resistance. In the observation of the crosssections conducted at the same time by using a polarized microscope, any clear difference caused by molding conditions was not observed. The difference in molding temperature is considered to affect the dispersion state of the additive. For all molding conditions, the surface resistance decreased immediately after the molding. The product molded at a cylinder temperature of 300°C showed a value of 1.71 × 10 10 Ω/sq 120 days after the molding. During the chronological test, any change such as stickiness due to bleed out of the additive was not found.
The glass-transition temperature (T g ) was measured using DMA. A small decrease in T g along with an increase in BN105 content was observed, as shown in Figure 7 . The sample containing 5 wt% indicated a decrease of approximately 7°C as compared with the neat sample. The T g change is considered to be caused by slight decrease of the molecular weight due to BN105 addition. Figure 8 shows the results of the tension test. In spite of a slight decrease in T g , no decrease in tensile elasticity, tensile rupture strength, and breaking elongation was caused depending on the content of BN105.
Conclusion
The evaluation of the COP composite material containing the donor-acceptor polymeric antistatic agent showed that the addition of a small amount of the additive brought about a good static prevention effect without impairing the transparency of COP and its bulk mechanical characteristics. The result of the dustproof test indicates a feasibility of a transparent plastic material attractive for optical communication use. 
